Spin-orbit torque and spin-transfer torque are leading the pathway to the future of spintronic memories. However, both of the mechanisms are suffering from intrinsic limitations. In particular, an external magnetic field is required for spin-orbit torque to execute deterministic switching in perpendicular magnetic tunnel junctions; the demand for reduced spin-transfer torque switching current to realize ultralow power is still remaining. Thus, a more advanced switching mechanism is urgently needed to move forward spintronics for wide applications. Here, we experimentally demonstrate the field-free switching of three-terminal perpendicular-anisotropy nanopillar devices through the interaction between spin-orbit and spin-transfer torques. The threshold current density of spin-transfer torque switching is reduced to 0.94 MA•cm -2 , which is a significant decrease compared to that in other current-induced magnetization switching mechanisms. In addition, thanks to the interplay of spin-orbit and spintransfer torques, lower current-induced switching in the conventional two-terminal perpendicular magnetic tunnel junctions is also achieved.
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Magnetization switching by the interaction between spins and charges has greatly brightened the future of spintronic memories. [1] [2] [3] [4] [5] [6] This has been evident in the rapid development of spin transfer torque-magnetic random-access memory (STT-MRAM)
as a mainstream non-volatile memory technology, in which a spin-polarized current is injected into magnetic tunnel junctions (MTJs) for cell programming. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] However, as cell areas scale down to meet density and power demands, conventional STT-MRAM suffers from serious endurance and reliability issues due to the aging of the ultrathin MgO barrier and read disturbance. The challenge of lowering STT switching current densities to further reduce power consumption is still yet to be met. [19] [20] [21] The discovery of spin-orbit torque (SOT) switching in heavy metal/ferromagnetic metal/oxide heterostructures by applying an in-plane charge current to three-terminal devices provides a promising alternative mechanism. [22] [23] [24] [25] [26] [27] [28] It shows the potential to enhance the endurance and reliability of MRAM, while improving speed and reducing power consumption. [29] [30] [31] [32] Thus, considerable research has been triggered to further elucidate the mechanism of SOT switching, which is currently described as magnetic reversal via two vector components, the damping-like (DL) and field-like (FL) torques. 33, 34 Since the demonstration of perpendicular-anisotropy MgO/CoFeB MTJs (p-MTJs), the switching of perpendicular magnetization by SOT has become of particular interest. [33] [34] [35] [36] [37] [38] However, an external magnetic field collinear with the charge current is required to execute deterministic switching of p-MTJs. This intrinsic constraint, combined with the three-terminal device configuration, is limiting the practical application of SOT-MRAM. [26] [27] [28] 35 Great efforts have been made to eliminate the need 2 for the field assistance, e.g., introducing a lateral structural asymmetry, 39 replacing the heavy metal with antiferromagnetic metal, [40] [41] [42] [43] [44] or utilizing a dipole field from an additional in-plane magnetic layer in the stack. 45 In 
Device fabrication and basic property measurements
The three-terminal p-MTJ devices we study consist of a circular nanopillar on top of a Ta bottom electrode. (see Supplementary Note 3 and Supplementary Fig. 3 ). These results are consistent with the reported experiments regarding similar systems, 26, 37 proving that the CoFeB free layer of our devices can be switched by either ISTT or the field assisted ISOT. which is a remarkable decrease compared to other current-induced mechanisms, 35, 37, 49 hence the ultralow power switching is expected. 48 Moreover, the reduction of charge current passing through the MgO barrier can benefit the lifetime of p-MTJ devices. Supplementary Fig. 6 ), where the data asymmetry cannot be explained by Joule heating alone, because Joule heating only depends on the absolute current value. In addition, our devices with r = 60 nm possess a thermal stability factor (Δ) of around 100 (see Supplementary Note 7 and Supplementary Fig. 7 ), which is sufficient to resist thermal activation. Those experiments suggest that thermal effect is not the major factor for the field-free switching. Fig. 3d shows the relationship between
Jth-SOT and Jth-STT with respects to different device sizes. Although the threshold current density is size-dependent, which is mainly the result of redeposition, the field-free 
Discussion of physical mechanisms
The benefit of the joint effect between SOT and STT can be summarized as below:
first, the existence of STT, no matter how small, can break the symmetry of SOT, hence the field-free switching of p-MTJ devices is enabled; second, since SOT is orthogonal to the free layer magnetic moment at equilibrium states, the stable magnetic states of free layer will be instantly disturbed once the SOT current is applied. Consequently, the efficiency of STT can be significantly promoted, which means the switching time and power consumption can be reduced.
To fully realize the potential of the scheme, JSOT is supposed to be larger than a critical value for the rapid rotation of the free layer magnetization in equilibrium states, of more than 60 is required to satisfy the industry standard retention time of 10 years. Fig. 5a shows JC0-SHE and HK,eff as a function of r when Δ=60 is imposed at room temperature. It is obvious that JC0-SHE and HK,eff will dramatically increase as the size of a p-MTJ shrinks.
Particularly, for r < 20 nm, HK,eff ought to be higher than 0.35 T and JC0-SHE exceeds 450 MA•cm -2 , which is unrealistically high. Therefore, the magnetization switching induced by SHE assisted STT or by the SHE alone seems impractical for p-MTJ with large effective anisotropy, which is exactly the case for our devices with a measured μ0HK,eff of more than 400 mT. Note that the JSOT utilized in our experiments to reduce the JSTT is lower than that calculated from the macro model, especially for the p-MTJ devices with larger size. We attribute this phenomenon to the following reasons. Firstly, macro models do not accurately apply to the p-MTJs with r > 60 nm as the whole switching process comprises domain wall nucleation at the edges and propagation through the free layer, owing to which the current density required is somewhat reduced. Secondly, the current distribution within the devices is nonuniform in the experiments but homogeneous in the macro model simulations. Data availability. The data that support the plots within the paper and other findings of the study are available from the corresponding authors upon reasonable request.
Code availability. The code used for macrospin simulations of this study are available from the corresponding authors upon reasonable request.
